Abstract: Terpolymers based on poly(methyl methacrylate), containing terpyridinemoieties as well as epoxide groups, were synthesized via free-radical polymerization. The products were cross-linked non-covalently with iron(II) ions and covalently by treatment with AlCl 3 . Both steps could be combined in different order. The non-covalent cross-linking could be reversed by applying a strong competing ligand. The swelling behaviour of the polymers was investigated.
Introduction
A new research field in modern polymer chemistry is represented by the combination of supramolecular [1, 2] and classical covalent [3] bonds and interactions. A promising approach towards this concept consists of the introduction of covalent and supramolecular cross-linking units as side chains into a terpolymer (Scheme 1). This could be achieved by free-radical co-and terpolymerization of methyl methacrylate with functional methacrylates such as glycidyl methacrylate and a terpyridinecontaining methacrylate, which is a versatile method for the introduction of a variety of different functionalities into random co-and terpolymers. Furthermore, the functional monomers are easily accessible by reactions on methacrylic acid or methacryloyl chloride. The epoxide system is widely industrially used and the corresponding methacrylate monomer is commercially available. Poly(methyl methacrylate) turned out to be a suitable backbone for functional polymers, as terpyridine-modified methacrylates are easily accessible. The resulting terpolymer system could be subjected to two-step cross-linking, which may result in novel applications: the reversible nature and tunability of supramolecular bonds makes them interesting for the design of 'smart materials', e.g., switchable glues and adhesives or for self-repairing processes [4] , while the ring-opening of epoxides is a well-known method for curing applications in coating technology. A suitable binding unit for supramolecular cross-linking is the 2,2':6',2"-terpyridine moiety [5] . This unit is able to form stable, but under certain conditions also fully reversible complexes with a variety of transition metal ions [6] . Through the use of different metal ions, the strength and reversible behaviour of the non-covalent interactions can be varied over a wide range. Whereas zinc(II), for example, forms relatively weak and reversible complexes, the analogous iron(II) or ruthenium(II) complexes are very strong and rather inert. The supramolecular cross-linking of ruthenium-containing copolymers has already been studied in diluted solutions [6b,7] , but not yet under conditions, where highly cross-linked materials could be obtained. Depending on the concentration and the metal ions used, the viscosity behaviour of the solutions could be adjusted [6b] . Furthermore, the combination of supramolecular cross-linking with covalent cross-linking through cationic ring-opening polymerization of oxetanes has been demonstrated [8] . In this contribution, we describe the non-covalent cross-linking of terpyridine under conditions, where gelation occurs, including investigations of the obtained materials.
In addition, experiments combining the non-covalent cross-linking with covalent curing by ring-opening polymerization of epoxides were performed including studies of the cross-linking density.
Results and discussion
Terpolymers containing terpyridine as supramolecular binding unit and an epoxide group as covalent cross-linking unit [9] with two different compositions as well as two model copolymers have been synthesized by free radical polymerization utilizing 2,2'-azoisobutyronitrile (AIBN) as initiator (Scheme 2 and Tab. 1).
Scheme 2. Synthesis of the co-and terpolymers 4a -d
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The products were precipitated into pentane and characterized with 1 H NMR and UVvis spectroscopy as well as gel permeation chromatography (GPC). The 1 H NMR spectra show the successful incorporation of all functional groups into the co-and terpolymers 4a -d (Fig. 1) . The signals in the aromatic region could be assigned to the terpyridine units, the peak at 3.55 ppm to the methyl group of the methyl methacrylate, and the signals between 2.5 and 3.5 ppm to the epoxide protons. The main chain resonances were visible between 0.5 and 2 ppm.
Furthermore, IR investigations were performed on terpolymer 4d and the result compared with the model copolymers containing only terpyridine (4a) or epoxide (4b). The spectrum of 4d revealed the bands of both -terpyridine and epoxide units (Fig. 2) . The epoxide peak was located at 908 cm -1 and the bands between 1540 and 1620 cm -1 were assigned to the terpyridine unit. GPC investigations revealed varying polydispersities and a negative tailing for the epoxide-containing polymers 4b -d.
A possible explanation could be a partial polymerization of the epoxide groups initiated by traces of acid during the reaction or during sample preparation. The terpolymer 4d was studied regarding its ability to combine covalent with supramolecular cross-linking. First, supramolecular cross-linking was studied through complexation of the terpyridine moieties with iron(II) ions. In order to prove the ability and completeness of complexation of the terpyridine units, a UV-vis titration experiment was performed by stepwise addition of an FeCl 2 solution (in methanol) to a diluted chloroform solution of terpolymer 4c and by recording a spectrum 30 min after each addition (Fig. 3) .
A characteristic bathochromic shift of the ligand-centred π-π*-absorption bands from 279 to 317 nm was observed, showing a complexation of the terpyridine moieties. Furthermore, the appearance of the characteristic metal-to-ligand charge transfer (MLCT) band of the iron(II) complex at 558 nm and a metal-centred band at 358 nm was observed. The equivalence point was reached at an iron(II)/terpyridine ratio of 1:2, demonstrating the complete complexation of all terpyridine units. However, in diluted solutions, where the UV spectra were measured, the formation of intramolecular complexes or small aggregates can be expected. No precipitation was observed. To investigate the actual cross-linking, higher concentrations of the polymer, where gelation occurs, were applied: An appropriate amount of iron(II) ions (calculated from the NMR integral ratios) was added to copolymer 4a in chloroform, resulting in a deep purple gel. A sample of this gel was weighed in the swollen state, subsequently dried and weighed again. Re-swelling in chloroform led to the previous value, showing the reversible nature of the non-covalent cross-linked gel. Zn(II) ions at the same concentration led to a honey-like highly viscous solution, and at higher concentrations also gel formation was observed. In contrast to the iron-gel, the Zn(II) gel became completely soluble when more chloroform (5 mL) was added. An explanation for this behaviour is the reversible nature of zinc complexes, resulting in smaller aggregates by dilution. The addition of cobalt(II) ions led to a gel similar to that formed by iron(II) ions. In principle, the metal complexes are poorly soluble in chloroform, but in this case the polymer determines the solubility of the system. Nevertheless, the complexes could influence the swelling behaviour, although the effect could not yet be quantified.
ZnCl 2 40 mg/mL FeCl 2 42 mg/mL Co(NO 3 ) 2 42 mg/mL Covalent cross-linking was investigated using AlCl 3 in order to open the epoxide rings (based on previous results with oxetane moieties reported in ref. [8] ). Unlike boron trifluoride, AlCl 3 was shown to open oxiranes without affecting the terpyridine ligands or complexes. In the first experiment, a solution of aluminium trichloride in dichloromethane was added to terpolymer 4d in dichloromethane (Exptl. part, route a). A precipitate of rubber-like flakes appeared immediately. The mixture was stirred at room temperature to complete the reaction. The ATR-FTIR spectra shown in Fig. 4 revealed a significant decrease of the epoxide C-O-C band at 908 cm -1 indicating that cationic ring-opening polymerization occurred, resulting in a covalently cross-linked material. Subsequently, experiments regarding the combination of supramolecular and covalent cross-linking were performed. First, an appropriate amount of iron(II) ions (calculated from the UV-vis titration results) was added to a solution of terpolymer 4d (30 mg/mL), which led to a deeply purple coloured and highly viscous solution (Exptl. part, route b). This non-covalently cross-linked polymer was treated in a second step with AlCl 3 to initiate the cationic ring opening of the epoxide rings (route c), resulting in a purple precipitate of the cross-linked material. As before, a significant decrease of the epoxide C-O-C peak at 908 cm -1 was observed. Another approach included the reversal of the order of the cross-linking reactions: the rubber-like material obtained from cross-linking of the uncomplexed terpolymer with AlCl 3 (route a) was exposed to a methanolic solution of iron(II) chloride (route d). The colour turned to purple, first on the surface, but a subsequent deepening of the colouration indicated that complexation of the terpyridine groups, located inside the material sample, took place. The visual appearance of all the materials is shown in Fig. 6 . To investigate the cross-linking density, the swelling behaviour of the gels was studied. The covalently cross-linked gel from 4d (route a) as well as the material, which was cross-linked utilizing both covalent and supramolecular processes (route d), were investigated and compared to the gels obtained from 4a, which contained only cross-links by terpyridine complexation. The gels were weighed in dry state and swollen with chloroform. From the obtained values the Q factor was calculated applying the following formula:
(1) a = weight of swollen gel, b = weight of unswollen gel
The value 1/Q is equivalent to the degree of cross-linking [10] . The gels derived from copolymer 4a, consisting of non-covalent cross-links by Fe(II) or Co(II), revealed 1/Q of 0.08 or 0.04, respectively, whereas a value of 0.30 for the covalently cross-linked material derived from terpolymer 4d (route a) was found. These findings are consistent with the higher amount of epoxide moieties compared to terpyridine moieties in the respective polymers. Finally, in the material containing both covalent and supramolecular cross-links (route d), a value of 1.00 was found. These findings suggest that indeed both kinds of cross-links are present in the material and, therefore, increase the degree of cross-linking. In order to determine the thermal properties of the initial terpolymer 4d as well as the corresponding cross-linked products, DSC investigations were performed (Fig. 7) . Whereas terpolymer 4d revealed a glass transition at 92°C, a weak transition at 119°C was found for the terpolymer, cross-linked with iron(II) ions. No transition (in the range of the measurement) was found for the covalently cross-linked material, due to the higher degree of cross-linking and the therefore lesser mobility of the chain segments. Finally, the material where both cross-linking approaches were combined was investigated. As expected, also in this case no glass transition was found. The results obtained from IR spectroscopy and DSC clearly indicate that supramolecular and covalent cross-linking steps can be combined successfully for the epoxide/ terpyridine system.
The supramolecular cross-linked gel was studied concerning the reversibility of complex formation. The gel obtained from 4a was exposed to the competing ligand hydroxyethylethylenediaminetetraacetic acid (HEEDTA, aqueous solution) in a chloroform/methanol mixture. Within 1 h the gel dissolved and the purple colour vanished.
Conclusions and outlook
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Terpolymers, bearing terpyridine moieties as well epoxide groups, have been synthesized via free-radical terpolymerization and characterized with 1 H NMR, UV-vis, FTIR as well as GPC. Supramolecular cross-linking of the terpolymers through complexation of the pending terpyridine units by addition of metal ions (iron(II), cobalt(II) and zinc(II)) has been successfully combined with covalent cross-linking by opening the epoxide rings, initiated with Lewis acids. The cross-linking behaviour has been studied by UV-vis, IR as well as DSC and the swelling behaviour of the obtained materials was investigated. Furthermore, the non-covalent cross-linking could be reversed by applying a strong competing ligand. In conclusion, with respect to previous results, the system has been optimized by applying a commercially interesting monomer (epoxide) and reaction conditions, where actual cross-linking (gel-formation) occurs. The demonstration of the reversibility of the cross-linked materials could be a milestone in the development of 'smart materials' such as reversible coatings. Future studies will include the application of the polymer in coating processes and the initiation of epoxide opening by other methods such as photoinitiation. Moreover, gel-swelling studies in different solvents will be performed.
Experimental part
Materials and instrumentation
Basic chemicals were obtained from Sigma-Aldrich and hydroxyethylethylenediaminetetraacetic acid (HEEDTA) from BASF. Acrylate compounds were distilled before use. Compound 1 was synthesized in a two-step reaction [11] from 4'-chloro-2,2':6',2"-terpyridine [12] . NMR spectra were measured on a Varian Mercury 400 NMR spectrometer. Chemical shifts were calibrated to the residual solvent peaks. UV-vis spectra were recorded on a Perkin Elmer Lamda-45 (1 cm cuvettes) and IR spectra were taken on a Perkin Elmer Spectrum-1 ATR-FT-IR spectrometer. DSC investigations were performed on a Perkin Elmer Pyris-1 DSC system with a heating rate of 40 K/min for determination of glass transitions. GPC measurements were performed on a Waters GPC apparatus using a 5 µm PL-gel-mixed-D column (crosslinked polystyrene) with N,N-dimethylformamide (DMF) as eluent and a UV as well as a refractive index detector.
Poly (methyl methacrylate-co-methacrylic acid 3-(2,2':6',2"-terpyridin-4'-yloxy) propyl ester) (4a) 1.33 g (13.3 mmol) of methyl methacrylate and 500 mg (1.33 mmol) of 1 were dissolved in 2 mL p-xylene and heated to 75°C. Then 12 mg (0.07 mmol) of 2,2'-azobisisobutyronitrile (AIBN) was added and heating was continued for 6 h. The mixture was precipitated twice in 20 mL pentane yielding 1.11 g (62%) of 4a as a white solid. ).
IR ( Poly (methyl methacrylate-co-methacrylic acid 3-(2,2':6',2"-terpyridin-4'-yloxy) GPC (CHCl 3 ): M n = 17 000, M w /M n = 2.7, negative tailing.
Poly(methyl methacrylate-co-methacrylic acid 3-(2,2':6',2"-terpyridin-4'-yloxy)propyl ester-co-methylepoxidyl methacrylate) (4d)
478 mg (4.78 mmol) of methyl methacrylate, 300 mg (0.67 mmol) of 1 and 340 mg (2.39 mmol) of 3 were dissolved in 2 mL p-xylene and heated to 75°C. Then 6.5 mg (0.03 mmol) of AIBN was added and heating was continued for 6 h. The mixture was precipitated twice in 20 mL pentane yielding 1.08 g (96%) of 4d as a white solid. 
UV-vis titration of 4c
4.1 mg of 4c was dissolved in 50 mL of chloroform. A 1.62·10 -4 M solution of iron(II) chloride (in methanol) was added in steps of 40 µL while the mixture was stirred; 15 min after every addition a spectrum was recorded.
Covalent cross-linking of the terpolymer 4d
Route a: 65 mg of 4d were dissolved in 10 mL of dichloromethane. Subsequently 1 mL of a solution of AlCl 3 in dichloromethane was added and the mixture was allowed to react for 2 h.
Route b:
To 65 mg of 4d in 10 mL of dichloromethane were added 3 mg of iron(II) chloride in 1 mL of methanol.
Route c:
The product obtained from (b) was treated with AlCl 3 as described in (a).
Route d:
A sample of the material obtained from (a) was covered with dichloromethane, and 30 µL of a methanolic solution of FeCl 2 (8·10 -3 M) were added.
Gel formation studies
Solutions of FeCl 2 , ZnCl 2 and Co(NO 3 ) 2 (0.5 mL of 0.14 M solutions in methanol) were added to solutions (2 mL, 42 mg/mL) of copolymer 4a in chloroform. The obtained gel and the gels yielded from 4d (routes b and d) were weighed in the swollen state (chloroform) as well as in the dry state and the swelling factors Q were calculated.
